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al. Lotniko´w 32/46, PL 02-668 Warszawa, Poland
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In order to explain the recently observed phenomenon of optical orientation of a single Mn spin
residing inside a CdTe quantum dot, a process of Mn spin relaxation with characteristic timescale of
tens of nanoseconds had been invoked. We show that after taking into account the mixing of states
of the exciton and the Mn spin (due to the sp-d exchange interaction), the observed Mn optical
orientation time can be explained by invoking only the processes of carrier spin relaxation.
I. INTRODUCTION
Quantum dots containing a single Mn impurity have
been a subject of growing interest in the last few years.1–4
Optical orientation of a single Mn spin inside a CdTe
quantum dot (QD) has been observed recently.5–8 In
these experiment circularly polarized light was creating
a spin-polarized exciton (X) in the dot, and upon con-
stant illumination the Mn spin became polarized on a
timescale of τMn < 100 ns. One mode of excitation is
quasi-resonant, through an excited state of the dot in
Ref. 5 or through an exciton transfer from a resonantly
excited nearby Mn-free dot in Ref. 6. Alternatively, one
of the states of the Mn+X complex can be resonantly
driven, as in Ref. 8. This mode of operation was origi-
nally proposed in Ref. 9, and it is the focus of this paper.
Specifically, we will consider the situation from Ref. 8
in which the highest-energy line of the X+Mn complex
is excited with σ− polarized light, thus creating a dom-
inantly |−5/2;−1〉 state (written in the basis of the Sz
component of the Mn spin and the Jz projection of the
total spin of the exciton). Due to such an excitation the
population of the |−5/2〉 Mn level was observed to de-
crease on the timescale of less than 100 ns.
These recent experimental achievements could pave
the way to optical control of the Mn spin state (e.g. be-
ing able to intialize the Mn spin in each of its six states,
as proposed in Ref. 10). The physical mechanism of the
optical orientation of the Mn spin remains, however, un-
clear, and its proper understanding will most probably
be crucial for further experimental developments. The
goal of this paper is to elucidate a possible microscopic
mechanism of Mn optical orientation.
The “intrinsic” relaxation of Mn due to spin-lattice in-
teraction (Mn spin flip due to scattering with phonons)
is well known to be very slow for isolated Mn spins,11,12
e.g. spin-lattice relaxation times longer than a microsec-
ond were observed in dilute samples at T = 5 K and at
magnetic field of about 10 T in Ref. 13. It should be
stressed that the high-field relaxation times are relevant
to the case of Mn interacting with a confined exciton,
which splits the Mn spin levels via the sp-d exchange in-
teraction. The relatively fast relaxation of isolated Mn
spins observed recently at zero B field14 is possibly rele-
vant when the exciton is absent.
On the other hand, the phonon-induced processes of
carrier spin relaxation (spin flips of the electron, of the
hole, or of the whole exciton) were predicted to be quite
effective for large energy transfer involved in a spin-
flip.15–19 In the Mn-doped dot the spin splitting of the
carrier states is enhanced by the sp-d exchange interac-
tion, and clear signatures of both exciton and hole spin
relaxation were observed there.8 It is therefore clear that
the spin flips of the carriers occur on timescales relevant
to the Mn optical pumping process. On the contrary, the
existence of a fast (on a time-scale of tens of ns) process
of “intrinsic” Mn spin flip in the presence of the exciton
is still somewhat controversial. Such a process was in-
cluded in the model used in Ref. 8 in order to explain
the τMn ∼ 70 ns timescale of Mn orientation (it was also
used in the original proposal9 of optically orienting the
Mn spin by driving one of the six X+Mn transitions). As
mentioned above, it is highly improbable that the spin-
lattice interaction can account for such a fast process.
Mn spin relaxation time of the order of 10 ns was ob-
served in Ref. 20 and explained there by assuming that
the Mn is coupled to extended electronic states from the
wetting layer. This mechanism requires the presence of
free hot photocarriers outside of the dot (which would
scatter on the Mn spin), which should not be the case for
(quasi)resonant excitation of a single dot.
The goal of this paper is to show that it is not neces-
sary to include the “intrinsic” rate of Mn spin relaxation
in the presence of an exciton, ΓMn-X, into the description
of the optical pumping process. The Mn optical orienta-
tion can occur due to carrier spin relaxation (specifically
the hole spin relaxation in the case of experiment from
Ref. 8) and mixing of the exciton and Mn states due
to sp-d exchange interaction. Because of the latter the
eigenstates of the X+Mn system are superpositions of
states with different exciton Jz and Mn spin Sz. When
a high-energy X+Mn state is excited, the carrier spin re-
laxation leads to transition to lower-energy states having
different Sz composition, and subsequent spontaneous re-
combination of these states leaves the Mn spin changed.
In other words, in order to achieve Mn spin orientation,
it is enough to consider the carrier spin relaxation in the
strongly coupled system of the carriers and the Mn spin.
2The paper is organized in the following way. In Section
2 we introduce the Hamiltonian of the system, including
the sp-d exchange interaction and the electron-hole ex-
change. In Section 3 we briefly discuss the possibility
of Mn spin optical orientation without any spin relax-
ation in the system. This optical pumping mechanism
turns out to be inefficient, but its discussion highlights
the significance of mixing of X and Mn states via the sp-d
exchange interaction. An impatient reader can skip this
Section and proceed directly to Section 4, where we in-
clude the carrier spin relaxation in the system dynamics
and show that it could account for the recent observa-
tions.
II. THE HAMILTONIAN OF A SINGLE
MANGANESE SPIN INTERACTING WITH AN
EXCITON IN A QUANTUM DOT
The Hamiltonian at zero magnetic field is Hˆ = Hˆsp−d+
He−h. The first term is the sp-d interaction
Hˆsp−d = −Ae(Sˆz sˆz + 1
2
[Sˆ+sˆ− + Sˆ−sˆ+])
+Ah(Sˆ
zκˆz/2 +
1
2
[ǫSˆ+κˆ− + ǫ∗Sˆ−κˆ+]) , (1)
where Sˆi are the operators of the Mn spin (S = 5/2),
sˆi are the electron spin operators, and κˆi are the Pauli
matrices operating in the two-dimensional subspace of
dominantly heavy hole states (the Kramers doublet of
the lowest-energy hole states confined in the dot). They
appear after taking the matrix elements of the p-d in-
teraction AhSˆ · jˆ/3 (with jˆ being the spin-3/2 operator)
within the subspace of two mostly heavy-hole (hh) states
being confined in the QD. The finite admixture of the
light hole (lh) states in the relevant low-energy states
(due to e.g. anisotropic strain21,22) leads to ǫ 6=0 allow-
ing for the flip-flop between the hole spin and the Mn
spin. Ae and Ah are the exchange interaction energies
for the electron and the hole (with our sign convention
they are both positive).
The second term is the electron-hole exchange
interaction,23 which is written as
Hˆe−h =
δ0
2
(|1〉 〈1|+ |−1〉 〈−1| − |2〉 〈2| − |−2〉 〈−2|)
+
δ1
2
(|1〉 〈−1|+ |−1〉 〈1|) + δ2
2
(|2〉 〈−2|+ |−2〉 〈2|) , (2)
where we have used the basis of the total exciton angular
momentum along the z axis |Jz = sze + jzh〉, and we have
approximately identified the two mostly hh-like states
with jzh=±3/2 (thus neglecting the small corrections due
to the hh-lh mixing). δ0 is the isotropic exchange split-
ting of the bright and dark excitons, δ1 is the splitting
of bright excitons present in dots with broken cylindrical
symmetry, and δ2 is giving the splitting of dark excitons.
The last two terms come from bi(J
i
h)
3sie terms in the e-h
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FIG. 1: (Color online) Photoluminescence spectrum of the dot
with a single Mn spin calculated using the parameters given
in the text. All levels are assumed to be equally populated.
The contribution from the mostly dark states to the total PL
is plotted with the dashed line. Line broadening of 0.1 meV
was used.
exchange Hamiltonian, which are present due to the cu-
bic symmetry of the lattice, and as such are breaking the
cylindrical symmetry of the exchange Hamiltonian, thus
leading to mixing of states with different Jz.
In the calculations below we will use the following pa-
rameters typical for small CdTe QDs. We take Ah ≡
−β|Ψh(rMn)|2 = 0.8 meV, with β being the hole ex-
change integral, and Ψh(rMn) being the amplitude of
the hole wavefunction at the Mn site. This value cor-
responds to ≈ 3 meV width of sextuplet of bright exci-
ton lines of X+Mn complex (see Fig. 1). The value of
Ae ≡ α|Ψe(rMn)|2 = 0.2 meV follows from the ratio of
|β/α| ≈ 4 in CdTe and from a somewhat arbitrary as-
sumption of equal amplitude of electron ond hole wave-
functions at the Mn spin site (the hole is believed to be
more weakly bound than the electron in CdTe dots, but
its binding is enhanced in the presence of an electron,21
and it is unlcear which effect prevails). For the param-
eter giving the strength of the hole-Mn flip-flop we take
a typical value of |ǫ| = 0.1 deduced from the linear po-
larization of the QD photoluminescence21,22 (the phase
of ǫ determines the polarization axis, but it is irrelevant
for the optical orientation effect discussed here). For the
electron-hole exchange energies we use24 δ0=1 meV and
δ1 = 0.1 meV, and we assume δ2=0.1 meV (which prob-
ably is an overestimate).
The energy spectrum of the above Hamiltonian is
clearly visible in the photoluminescence (PL) signal from
an excited dot.1,25 In the zeroth approximation, we can
neglect Ae (since it is usually much smaller than Ah), and
also put ǫ, δ1, and δ2 equal to zero. Then the spectrum
consists of 12 doubly-degenerate levels: 6 of them are
bright (i.e. they couple to light and contribute to the PL
signal), and 6 are dark. Within each group the spacing
3of the levels is given by Ah/2, and the bright states are
higher in energy by δ0 compared to the dark ones. In the
calculation with the full Hamiltonian the main change
is the “brightening” of the dark excitons, which occurs
due to the flip-flop parts of the sp-d exchange interac-
tions. This is shown in Fig. 1, where the total spectrum
is deformed, and more than 6 peaks are visible (the ad-
ditional ones corresponding to mostly dark excitons, the
contribution of which to the total PL is shown by the
dashed line). Nonzero values of δ1 and ǫ also lead to the
linear polarization of the PL signal,21,22 which is however
irrelevant for this paper.
III. MANGANESE OPTICAL ORIENTATION
WITHOUT SPIN RELAXATION
First, let us note that Mn polarization can be induced
by resonant optical pumping even in the absence of any
spin relaxation processes. The breaking of the cylindrical
symmetry of the dot is only needed, i.e. ǫ 6= 0 and/or
δ2 6=0.
We focus now on the excitation of the highest en-
ergy X+Mn state with σ− polarized light.
8 The |e〉 state
excited in such a way contains a large amplitude of
|−5/2;−1〉, but it also has admixtures of other states.
For typical values of parameters the dominant admix-
tures are the ones of |−5/2;+1〉 state (caused by δ1 term
mixing the bright excitons) and of |−3/2;−2〉 (caused by
the electron-Mn flip-flop). In the 2nd order of pertur-
bation theory the latter state contains an admixture of
|−3/2; 2〉 state due to δ2 interaction mixing the dark ex-
citons, and in the third order the admixtures of |−1/2; 1〉
and |−1/2;−1〉 states are created from |−3/2; 2〉 state by
electron and hole spin flip-flops with the Mn spin, respec-
tively. The admixture of these |−1/2;±1〉 states in the
|e〉 state (with b±1 amplitudes) lead to a finite probability
of the recombination of the |e〉 state into the empty dot
|−1/2〉 state. Using the third order perturbation theory
we have
b1 =
(Ae
√
8/2) · (δ2/2) · (Ae
√
5/2)
(2Ae +
1
2
Ah + δ0)(
1
2
Ae + 2Ah + δ0)(
3
2
Ae +
3
2
Ah)
b−1 = b1
3ǫ
2
Ah
Ae
.
In the simplest case, when |b−1| ≪|b1| (corresponding
to negligible hh-lh mixing), the re-absorption from the
|−1/2〉 state can be neglected due to the optical selection
rules (σ− light coupling only to |−1〉 excitons), and in the
process of optical pumping of the |e〉 state the population
of the Sz levels is transferred from |−5/2〉 to |−1/2〉 by
spontaneous emission of σ+ polarized photons.
While the calculations of pumping dynamics with both
b±1 amplitudes being finite show rich and interesting fea-
tures (e.g. the possibility of either depleting the |−5/2〉
level or increasing its occupation, depending on the val-
ues of b±1 and other parameters), one can quickly see
that this kind of process is incapable of explaining the
experimental timescale of Mn optical orientation. In
the limit of ǫ = 0 we can write rate equaitons for 3
levels (occupations of |e〉 state and the two empty dot
states |−5/2〉 and |−1/2〉). With generation rate G and
spontaneous recombination rate Γrec = 1/Trec, and with
|e〉 = a |−5/2;−1〉+ b |−1/2; 1〉+ ... (with other admixed
states being optically inactive or having negligible ampli-
tudes), we have the equations for occupation probabilities
dpe
dt
= −G|a|2pe − Γrecpe +G|a|2p−5/2 , (3)
dp−5/2
dt
= G|a|2pe + Γrec|a|2pe −G|a|2p−5/2 , (4)
dp−1/2
dt
= Γrec|b|2pe . (5)
For strong driving, G ≫ Γrec, we get for times longer
than 1/G that p−5/2 ≈ 14 exp(−Γrec|b|2t/2), which gives
the Mn orientation timescale τMn = 2Trec/|b|2. With the
parameters used here one gets τMn ≈ 107Trec, while in
the experiment τMn < 10
3Trec was seen (using the value
of Trec=200 ps).
IV. MANGANESE OPTICAL ORIENTATION
WITH CARRIER SPIN RELAXATION
The optical orientation mechanism described above is
inefficient because it relies on very small δ2-induced mix-
ing of the dark excitons, and also because both of the
flip-flop related admixtures involve the energy denomina-
tors ∆E>δ0, with the latter being much larger than the
off-diagonal couplings Ae and ǫAh. Much more efficient
optical orientation can be obtained when we include the
processes of carrier spin relaxation. A phonon-induced
spin-flip of an electron (a hole) leads to a transition from
a bright state |m;±1〉 to a dark state |m;±2〉 (|m;∓2〉).
The mostly dark eigenstates of the full Hamiltonian con-
tain admixtures of bright states with m′=m± 1 appear-
ing in the first order of the perturbation theory. The
electron-Mn flip-flop terms are connecting the |m;±2〉
state to |m± 1;±1〉, while the hole-Mn flip-flop terms
∼ǫAhκˆ±Sˆ∓ are connecting it to |m± 1;∓1〉.
From the resonantly excited state |e〉≈|−5/2;−1〉 the
electron spin relaxation leads to |−5/2;−2〉 state, which
is is not coupled by sp-d exchange to any other states,
and in the first order of perturbation theory does not
have any admixtures of states with flipped Mn spin. We
are thus led to consider the possibility of the hole spin
relaxation event, which leads to a transition into the state
|r〉 ≈ a |−5/2; 2〉+ be |−3/2; 1〉+ bh |−3/2,−1〉, with the
amplitudes of other states being much smaller. The main
admixture amplitudes are
be ≈ Ae
√
5/2
δ0 − 2Ae +Ah/2 , (6)
bh ≈ ǫAh
√
5/2
δ0 + 2Ah −Ae/2 . (7)
4For typical parameters we get be > bh (e.g. with values
used here we have be ≈ 0.2, bh ≈ 0.04).
The presence of hole spin relaxation was seen in Ref. 8,
where it was shown that excitation of |1/2;+1〉 state
was leading to the strongest PL from the “dark” state
|1/2;−2〉, which was being populated by hole spin re-
laxation from the initial state. The optical activity of
the mostly dark states is also visible in the calculated
PL spectrum shown in Fig. 1, where the PL signal from
states having mostly dark character is plotted with the
dashed line. With the parameters employed here, the
dark states most strongly mixed with the bright states
are the ones with dominant |−1/2;±2〉 character (with
energy ≈−0.44 meV, see the strongest “dark” transition
in Fig. 1), which contain large admixtures of |−3/2;∓1〉
states caused by the hole-Mn flip-flop term allowed by
hh-lh mixing.
The rate equations for the populations of |e〉, |r〉,
|−5/2〉, and |−3/2〉 levels (the |−1/2〉 level considered
previously is neglected here, since its pumping has been
shown in the previous Section to occur on a much longer
timescale) are
dpe
dt
= −(G+ Γrec + Γh)pe +Gp−5/2 + Γ
′
hpr , (8)
dp−5/2
dt
= (G+ Γrec)pe −Gp−5/2 , (9)
dp−3/2
dt
= Γdpr , (10)
dpr
dt
= Γhpe − (Γd + Γ
′
h)pr (11)
where the spontaneous recombination rate of the “dark”
exciton is Γd ≈ (|be|2+|bh|2)Γrec, Γh is the hole relaxation
rate, and Γ
′
h=exp(−∆E/kBT )Γh is the rate for the hole
spin flip from the dark state back to the bright state.
∆E≈δ0 + 52Ah is the energy difference between the two
states. At T =5 K and for ∆E =3 meV obtained from
the parameters used here Γ
′
h = 10
−3Γh. However, even
with larger Γ
′
h the results discussed below are changed
very little, and we will put Γ
′
h=0 from here on.
We start with the initial conditions of p−5/2(0) =
p−3/2(0)=1/2 and all the other pi(0)=0. In the strong
driving (saturation) regime (G≫Γrec, Γh) we get that at
times t≫G−1 we have p−5/2(t)≈ 14 exp(−Γht/2), i.e. the|−5/2〉 state get emptied on timescale of hole spin relax-
ation. Its population is shifted to |−3/2〉 and |r〉 levels.
For the population of the former state we have
p−3/2(t) ≈ 1 +
Γhe
−Γdt − Γde−Γht/2
2(Γd − Γh/2) (12)
when Γd 6= Γh/2, and p−3/2(t) ≈ 1 − 12e−Γdt(Γdt + 1)
when Γd = Γh/2. Before we reach the times t≫ 2Γ−1h ,
Γ−1d most of the initial population of |−5/2〉 will have
moved to |−3/2〉 state. The driven transition becomes
then optically inactive, and the optical orientation pro-
cess is complete.
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FIG. 2: (Color online) Time dependence of the occupation
of the empty dot |−3/2〉 Mn level upon pumping of the
|−5/2,−1〉 transition with different light intensities (corre-
sponding to different exciton generation rates G), with nor-
malization p
−3/2 + p−5/2 = 1. The spontaneous recombina-
tion rate is Γrec=5 ns
−1 and the hole spin relaxation rate is
Γh=0.1 ns
−1. The exciton spin relaxation rate ΓX is assumed
to be zero with exception of the dashed line for G=0.1Γrec,
for which ΓX=1 ns
−1. The other parameters are given in the
text.
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FIG. 3: (Color online) The same as in Fig. 2, only for G/Γrec=
1 and with various holes spin relaxation times Th=Γ
−1
h
.
With be ≈ 0.2 we get the “dark” state recombination
time Γ−1d = 5 ns, which is close to the observed value of 8
ns.20 The calculations of p−3/2(t) for hole spin relaxation
time Th = Γ
−1
h = 10 ns are shown in Fig. 2 for different
exciton generation rates G. For G≫Γrec the analytical
formulas given above are accurate, while at lower G the
rate equations have to be solved numerically. In Fig. 3
we show p−3/2(t) for various Th when G=Γrec.
The exciton spin relaxation17 leads to transitions from
|e〉 to |f〉≡|−5/2, 1〉 state with rate ΓX≡T−1X . Including
5this effect in our rate equations is straighforward. How-
ever, as long as an assumption of ΓX≪Γrec is made, the
processes of exciton spin relaxation and subseqent spon-
taneous emission of σ+ photon have very little impact on
the optical orientation of the Mn spin. This is shown in
Fig. 2, where a result for G = 0.1Γrec is shown also for
TX=1 ns, and one can see that this leads to an insignif-
icant slowing down of the orientation process. At higher
G the influence of finite TX>Trec is even smaller.
The third process of carrier spin relaxation is the elec-
tron spin relaxation, which leads to a transition into a
dark state |d〉 = |−5/2;−2〉 with recombination time of
at least a couple hundreds of ns (using our rather large
value of δ2, which is needed to bring about the mixing of
this state with a bright one), which basically means that
on the timescale of ∼ 100 ns this state is perfectly trap-
ping. If the electron spin relaxation time was faster than
the hole spin relaxation time, then instead of the pump-
ing of |−3/2〉 level the system would get trapped in the
dark state |d〉. In the strong driving regime the transition
corresponding to |−5/2;−1〉 state would become inactive
on timescale of electron spin relaxation time Te = Γ
−1
e ,
and instead of achieving optical orientation of the Mn
spin one would obtain a dot with a very long-lived dark
exciton trapped in it. The fact that this does not hap-
pen in Ref. 8, where the observations are consistent with
the transfer of population between the Mn spin states,
and not with the creation of stable dark exciton, shows
that the electron spin relaxation is slower than hole and
exciton spin relaxation processes.
V. CONCLUSIONS
We have shown that the experimental result from
Ref. 8, the optical orientation of the Mn spin in tens
of nanoseconds under a resonant driving of the highest-
energy line of exciton+Mn complex, can be explained
by the process of hole spin relaxation occurring on this
timescale (which also has been observed in Ref. 8). The
optical orientation occurs because the hole relaxation
leads to a transition to an eigenstate of mostly dark
character, which is mixed with optically active states
via sp-d exchange interaction. Since this admixture con-
sists of states with a flipped Mn spin, the emission from
the “dark” state populated by hole relaxation leads to
a change of the spin polarization of the Mn ion. Con-
sequently, the intrinsic processes of Mn spin relaxation
(due to interaction with carriers in the wetting layer or
phonons), do not have to be invoked in order to explain
the optical orientation (this of course does not rule out
their existence in some cases20).
Our analysis has also shown that the heavy-light hole
mixing, while visibly present in the PL spectra, is not
necessary to explain the Mn optical orientation (at least
in the case of exciting the highest energy state of X+Mn
complex). The three processes of hole, exciton, and elec-
tron spin relaxation, together with the electron-Mn ex-
change, can lead to quite a complicated behavior, with
the excitation pattern considered here leading to a rel-
atively simple dynamics. Further experiments involving
resonant excitation of various lines of X+Mn complex,
and observation of PL signals induced in this way (as
in Ref. 8), coupled with a calculation of X+Mn state
mixing, might give more quantitative information on all
the involved relaxation times. This knowledge could be
then used in modeling of the situation from Ref. 6, where
simultaneous excitation of many X+Mn levels leads to
more complicated dynamics.
One feature of the experimental results from Ref. 8
which cannot be explained by the model proposed here
is the saturation of the depletion of |−5/2〉 state at 75
%. Addressing this question is left for future research.
Note added. The “brightening” of dark excitons due to
the sp-d exchange interaction was very recently observed
in Ref. 26, where it was also shown that recombination
from these states is an efficient channel of the Mn spin
orientation.
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